This study investigates the ability of boron nitride nanotubes (BNNTs) to induce apatite formation in a simulated body fluid environment for a period of 7, 14 and 28 days. BNNTs, when soaked in the simulated body fluid, are found to induce hydroxyapatite (HA) precipitation on their surface. The precipitation process has an initial incubation period of ∼4.6 days. The amount of HA precipitate increases gradually with the soaking time. High resolution TEM results indicated a hexagonal crystal structure of HA needles. No specific crystallographic orientation relationship is observed between BNNT and HA, which is due to the presence of a thin amorphous HA layer on the BNNT surface that disturbs a definite orientation relationship.
Introduction
Boron nitride nanotubes (BNNTs) are tubular and hollow nanostructures comprising two-dimensional hexagonal boron nitride (hBN) sheets.
BNNTs possess an excellent elastic modulus (750-1200 GPa [1] [2] [3] ) and tensile strength (>24 GPa [4] ), which makes them a potential reinforcement for strengthening and toughening of composites [5] [6] [7] [8] [9] [10] . BNNTs have also shown their potential as a suitable reinforcement for bioceramics and biopolymers for orthopedic implants and scaffolds. In our previous studies, we reported the effect of BNNT reinforcement on biodegradable poly-lactidecaprolactone (PLC) copolymer and hydroxyapatite (HA) [5, 6] . The addition of BNNT improved the tensile strength of the copolymer by the significant amount of 109%. BNNT addition also resulted in an improvement in osteoblast proliferation and differentiation on PLC copolymer [5] . A similar observation was found for spark plasma sintered HA-4 wt% BNNT composite, which displayed 86% improvement in the fracture toughness and 75% in the wear resistance of HA, while improving osteoblast viability and proliferation [6] .
An important requirement for a successful orthopedic implant is the formation of new bone on its surface for effective 3 Author to whom any correspondence should be addressed.
osseointegration. During the bone formation process, a collagen fiber matrix is generated followed by the precipitation of hydroxyapatite mineral to form a compact bone [11] . An ideal implant surface should induce apatite formation without interfacial discontinuity. These discontinuities often act as weak points to cause fracture and delamination of the implant from the bone in vivo. Hence, the ability to form apatite on the BNNT surface is critical for orthopedic application. BNNTs can also be effectively used for bone regeneration in case of a fracture or injury. BNNTs, with their excellent elastic modulus, tensile strength and high deformability [12] , are capable of mimicking bone collagen fibers. A 3D scaffold of BNNTs can be used for mineralization of HA and thus regeneration of bone in vitro and in vivo. But in order to achieve this the apatite formation ability of the BNNT surface becomes the deciding factor. Beuvelot et al have proposed a similar application for carbon nanotubes (CNTs) which possess mechanical properties comparable with BNNTs [13] . CNT surfaces are found to be suitable for apatite precipitation [13] [14] [15] but their cytotoxicity is still under debate [16] . There are a few studies on the cytotoxicity of BNNTs but none has reported negative effects on different cell types [5, 6, [17] [18] [19] . Our previous study has shown that BNNTs are non-cytotoxic to osteoblasts and macrophages, which are the most important cell types for orthopedic application [5] . Apart from their biocompatibility, BNNTs are more flexible and elastic and can withstand heavy deformation without suffering damage to their structure [12] . A recent study has shown that BNNTs possess higher fracture strain than CNTs [20] . These properties are attractive when BNNTs are proposed for use as reinforcement for strengthening of a ceramic/polymer matrix. BNNTs also show higher chemical stability than CNTs in an oxidative atmosphere, with the temperature at which oxidation starts being 1223 K as compared to 773 K for CNTs. This chemical inertness of BNNTs remains an added advantage when high temperature processing of BNNT reinforced ceramic composite in a oxidative atmosphere is required.
The aim of this study is to evaluate apatite formation on a BNNT surface by immersing BNNTs in simulated body fluid (SBF). Elemental identification and phase detection of the precipitates have been carried out using energy dispersive x-ray spectroscopy (EDS), Raman spectroscopy and high resolution transmission electron microscopy (HRTEM). A semi-quantitative relationship of HA precipitation on BNNTs as a function of the soaking period has also been established. The crystallinity and growth mechanism of the precipitated HA have been investigated using HRTEM. It is envisaged that the ability to form apatite on the BNNT surface would provide an alternate material for potential applications in orthopedics, scaffolds and regenerative medicine.
Materials and methods
BNNTs were procured from Nanoamor (Houston, TX USA). The as-received BNNT sample consisted of cylindrical and bamboo-shaped nanotubes and nanorods, [5, 6] . SBF was prepared following the well-known Kokubo composition [21] . BNNTs were immersed in SBF in glass vials and kept at the physiological temperature of 310 K (37
• C) and 5% CO 2 inside an incubator for 7, 14 and 28 days. These soaking periods were selected as most new bone formation starts between 2 and 3 weeks after injury or surgery. Thus, it is effective to check the ability of a surface to precipitate apatite for 1-4 weeks. After the soaking period, the precipitates were separated from SBF by centrifuging and washed with deionized water three times. The precipitates were dried at ambient temperature. Three different precipitate samples were collected after 7, 14 and 28 days for further characterization.
For observation in the SEM and EDS analysis, the precipitates were dispersed on a silicon substrate using ethanol and the coated with gold by sputtering. A JEOL JSM-633OF field emission SEM was used for the morphological characterization of precipitates.
Elemental analysis of the samples was performed using an energy dispersive spectroscope attached to a JEOL JSM 5910LV SEM.
Raman spectra of as-received BNNTs and the precipitates were obtained by using an argon ion (Ar + ) laser system (Spectra Physics, model 177G02) of wavelength 514.5 nm. Backscattered spectra were collected by a high throughput holographic imaging spectrograph (Kaiser Optical Systems, model HoloSpec f /1.8i ) with a volume transmission grating, holographic notch filter, and charge coupled device detector (Andor Technology). The Raman system has a spectral resolution of 4 cm −1 and the spectra were collected at an exposure of 300 s. A Philips/FEI Tecnai F30 HRTEM was used to study as-received BNNTs and SBF soaked BNNTs. Forward and inverse Fourier transform (FFT & inverse-FFT) analysis, using Gatan, Inc., Digital Micrograph software, was performed for an accurate calculation of the lattice spacing.
Results and discussion

Morphology of apatite precipitate
SEM micrographs in figures 1(a)-(d) present the image of asreceived BNNTs and BNNTs with precipitated apatite after 7, 14 and 28 days of soaking in SBF. Figure 1 (a) shows a tubular BNNT structure with a clean outer surface. Figure 1 (b) reveals the onset of precipitation of HA onto the BNNT in the form of a few flakes. After 14 days of soaking (figure 1(c)), the precipitates increase in volume and start to become thicker, covering the BNNTs. After 28 days, apatite crystals are fully grown with their typical needle shapes in spherical agglomerates that surround the BNNTs (figure 1(d)). These visual observations reveal the gradual increase in amount and morphology of apatite precipitate on the BNNTs with increasing soaking period. EDS analysis was carried out for the determination of elemental composition and quantification of the volume of the precipitated phase.
Analysis of precipitate composition and estimation of comparative volume
Figures 2(a)-(c) present representative elemental signature plots for three apatite samples collected after 7, 14 and 28 days of soaking. Boron and nitrogen peaks are observed from BNNTs, whereas the Ca and P peaks are generated from the HA precipitate. The sources of the Si and Au peaks are the silicon substrate and the gold coating, respectively, used for EDS. The presence of Ca and P peaks in the EDS spectrum of the SBF soaked BNNTs reveals the presence of compounds in the precipitate containing calcium and phosphate. The absence of any other major elemental peak in the spectrum indicates that mainly calcium and phosphorus containing constituents are mineralized from SBF on the BNNT surface. The 28 day precipitate shows a smaller peak of sodium, denoting the precipitation of a small amount of Na containing salt ( figure 2(c) ). The 7 day precipitate shows a very strong B and N peak, while Ca and P peaks are of very low intensity ( figure 2(a) ). The intensity of Ca and P peaks increases compared to B and N peaks after 14 days, as observed in figure 2(b). Precipitates collected after 28 days produce much sharper Ca and P peaks of higher intensity than B and N peaks ( figure 2(c) ). The relative height (intensity) of the peaks reveals increasing Ca and P content in the precipitate with number of days of soaking (figures 2(a)-(c)).
Quantification of elemental constituents, in terms of percentage weight, has been carried out for each sample at five different places with a 1 μm × 1 μm scan area in each measurement. Calcium content, in terms of percentage weight, is measured for all the three samples to estimate the change in amount of HA precipitate on the BNNTs as a function of soaking period. 
where y is Ca wt% and x is the number of soaking days. This semi-quantitative evaluation reveals an increase in HA formation on BNNTs between 7 and 28 days. Being extrapolated towards a shorter soaking period, the fitted curve indicates no HA formation at ∼4.6 days-which might be the incubation period for HA precipitation on BNNTs. Akasaka et al have reported an incubation period of 14 days for HA precipitation on a CNT surface when immersed in standard SBF [14] . Nucleation occurs only after the activation energy barrier is exceeded. It takes ∼4.6 days to overcome the energy barrier to nucleate apatite on a BNNT surface when immersed in standard SBF. The incubation time for apatite precipitation on CNTs is found to decrease with increasing ion concentration in a supersaturated SBF [15] . Functionalized CNT surfaces with carboxylic groups are also reported to accelerate apatite formation [13] . It should be noted that the present study used BNNTs without functionalization. Functionalization of BNNT may accelerate apatite formation due to the attraction of favorable ions from SBF.
Raman spectroscopy of the apatite precipitate
Micro Raman spectroscopy analysis has been carried out on the as-received BNNTs and BNNTs soaked in SBF for 7, 14 and 28 days. Figure 3 presents the Raman spectra for as-received BNNTs and three precipitates showing peaks representative of the bonds present in BNNTs and HA. The peak at ∼1367 cm
is an E 2g mode peak from h-BN [22] [23] [24] . The presence of HA in precipitates is noted by the twin peaks at lower wavenumber. The peaks at ∼960 cm −1 are due to ν 1 symmetric stretching vibration of the phosphate ion in HA [25] . The relatively broader peak at ∼1052-1081 cm −1 , which is more prominent in the 28 days sample, is the ν 3 antisymmetric stretching mode of phosphate ions in HA [25] . The peaks corresponding to HAphosphate bonding are clearly absent in as-received BNNTs. Elemental analysis by EDS has proven the presence of Ca and P in the precipitates. The signature peaks of bond energy in the compound, as observed in the Raman spectrum, present the evidence of Ca and P forming HA in the precipitate.
Raman spectra from precipitates also show a relative change in the intensity of hBN and HA-phosphate peaks in figure 3 . BNNTs soaked in SBF for 7 days show the weak and lesser intensity peak of the HA-phosphate group compared to the hBN peak. But, the relative intensity of the phosphate peak increases after 14 days of soaking. The 28 days sample shows a sharp phosphate peak with intensity similar to the hBN peak. The intensity of a Raman peak is proportional to the volume concentration of the respective bond, when the spectra are collected at similar spectroscopic conditions [26] . Penel et al have also reported higher intensity of the ν 1 symmetric phosphate peak with increasing apatite content [26] . Raman spectra in the present study were captured under similar settings. Hence, the relative increase of HA-phosphate peak intensity with respect to h-BN peak indicates increasing HA content in the precipitate with increasing number of days of soaking. This observation supports the trend of increased HA precipitation on BNNT with soaking period as observed from SEM images and EDS analysis.
The BNNT peak shows a shift from 1357 to 1363 cm
from as-received to the 7 days SBF soaked sample. But no shift in the same peak is observed for BNNTs soaked for 14 and 28 days. The peak remains in an almost constant position (1363-1364 cm −1 ). The initial shift in the BNNT peak could be due to ageing of BNNTs in SBF which does not continue for longer soaking times. Detailed investigation is required to confirm the initial ageing reaction of BNNTs with apatite or SBF.
HRTEM analysis of apatite precipitate
HRTEM images of the precipitates provide insight into the nucleation and growth mechanism of HA crystals on a BNNT surface. Figure 4 shows the TEM images of as-received BNNTs and HA precipitate on nanotube surfaces after 7, 14 and 28 days of soaking. All BNNTs are bamboo shaped. Asreceived BNNT, in figure 4(a) , shows a clean outer surface. After 7 days of soaking, amorphous HA flakes precipitate on the BNNT surface along with the nucleation and growth of some tiny HA crystals of needle shape ( figure 4(b) ). After 14 days of soaking, the HA needles grow significantly in length ( figure 4(c) ). Amorphous HA flakes are still visible, but a prominent increase in the number of crystalline needles is observed. The BNNT surface was fully covered with HA needles after 28 days as observed in figure 4(d) . Figure 4 (e) presents the selected area diffraction (SAD) pattern of 28 days precipitate corresponding to figure 4(d) . The bright circular ring in the SAD pattern corresponds to the (211) plane of HA, which produces the highest intensity diffraction (JCPDS PDF no. 9-432). Due to the dense needle-like structure of HA precipitate after 28 days, it was not possible to calculate the needle length. The bar chart in figure 5 represents the needle length distribution in 7-and 14-day precipitates, as measured from several TEM images. A total of 100 needles were considered for each case. The majority of the HA crystalline needles have a length of 30-55 nm after 7 days of soaking. But, the HA needles on BNNTs soaked for 14 days show a much greater length range of 30-125 nm. This large variation in the length is the result of the growth of needles that have nucleated early and the continuous nucleation of new needles throughout the soaking period. Figures 6(a) -(c) presents higher magnification TEM micrographs of HA precipitates for 7, 14 and 28-days of soaking, respectively, which also indicate the change in population of HA crystalline needles. Figure 6(a) shows the 7-day precipitate with amorphous, flaky HA and a few whisker shaped crystalline needles. The number of needles increases after 14 days, though some amount of amorphous phase still exists ( figure 6(b) ). After 28 days the precipitate in figure 6(c) is full of crystalline HA needles. Apart from the needle structure, some equiaxial HA crystal shapes are also observed in the 28 day-sample. This observation is in agreement with Aryal et al concerning formation of diffused HA cubes in CNT matrix after 14 days of reaction with SBF [14] . Figure 7 presents a HRTEM lattice images of a BNNT surface with apatite precipitate on it after 28 days of soaking. Fast Fourier transformation (FFT) analysis is used to accurately determine the interplanar spacing. BNNTs are identified by the inter-wall spacing of 0.335 nm. The spacing of hBN layers in BNNT is 0.33 nm [27] . HA crystallites of different orientation are found on the BNNT surface. HA crystallites are identified by their lattice spacing of different set of planes (JCPDS PDF no. 9-432). Two such crystallites of HA are marked in figure 7 , which reveal a lattice spacing of (220) and (211) sets of planes. Apart from these crystallites, an amorphous HA phase also exists next to the BNNT surface. Figure 8 presents TEM images of the a few HA needles on the BNNT surface. HA needles are found growing parallel to the BNNT surface as well as at different angles. Based on the observations from figures 7 and 8, it can be concluded that there is no preferred crystallographic orientation for HA nucleation on the BNNT surface. In our previous study on spark plasma sintered (SPS) HA-4 wt% BNNT composite, a preferred orientation between HA and BNNT was observed, where (211) planes of HA were arranged at an angle of 65
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• Figure 5 . Distribution of HA needle length in 7 and 14 day samples.
to the outer wall of BNNT. This contradictory behavior could be attributed to the mechanism of apatite formation from liquid SBF on BNNT surface as compared to the HA-BNNT integration in the solid state through SPS. In the case of SPS, the HA crystallites orient themselves on the BNNT wall to generate minimal lattice strain at the interface, thus resulting in a specific orientation relationship [6] . But in SBF a thin layer of amorphous HA covers the BNNT surface before the nucleation of HA crystals ( figure 7 ). This amorphous layer obstructs direct contact between BNNT and precipitating HA, and thus disturbs the orientation relationship. The origin of initial amorphous apatite layer precipitation could be related to several possibilities. Crystallinity difference between HA and BNNT could initially favor precipitation of amorphous apatite on the BNNT surface. The kinetics of nucleation could also impact the precipitation. The initial deposition of HA may occur in the amorphous form due to the higher concentration of ions in SBF. Once the concentration of ion decreases in SBF, it is possible to get more time for nucleation and growth of crystalline needles. The thin amorphous reaction product layer at the interface could also be due to some physicochemical ageing reaction. A more detailed and thorough investigation focusing on the interface is required in future to fully understand the nucleation mechanism. Pan et al have recently pointed out that the 'apatite formation ability' of any surface, when immersed in SBF, cannot be the only signature of its biocompatibility [28] . A more accurate measurement of biocompatibility should be to study the behavior of osteoblasts on a surface. We have already reported encouraging results of osteoblast proliferation, viability and upregulated differentiation related gene (RunX2) expression on surfaces containing BNNTs [5, 6] . BNNTs have also been found to be non-cytotoxic to osteoblasts [5] . The biocompatibility of BNNTs with respect to osteoblast interaction being proven, the present study adds to this by showing the apatite formation ability of BNNTs, which could be helpful in growth and integration of new bone on BNNT surfaces in vivo. 
Summary
The present study has investigated the ability of a BNNT surface soaked in simulated body fluid to form hydroxyapatite. The amount of HA precipitate increases with the soaking period following a polynomial relationship between 7 and 28 days. HA formation on BNNT requires ∼4.6 days of incubation period. EDS analysis of the precipitate confirms the elemental composition of the precipitate, whereas Raman spectra and HRTEM images prove the presence of HA on the BNNT surface. Amorphous HA flakes with a few crystalline needles are formed on the BNNT surface after 7 days of soaking. Further soaking results in the formation of more crystalline HA needles as well as growth of the existing ones. After 28 days of soaking, BNNT surfaces were covered with numerous HA crystallites. HA crystals do not show a definite crystallographic orientation relationship with the BNNT. BNNT surfaces induce apatite formation in a physiological solution, which increases their potential for orthopedic application.
